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Abstract 
The installation of seven large aperture quadrupoles dur-
ing shut-down of 2006 necessitates new lattice measure-
ments to evaluate the state of the machine lattice at ener-
gies critical to operation. For Main Injector (MI) this 
means at 8-GeV kinetic energy for proton and pbar injec-
tions, at 150-GeV extraction to Tevatron for collider op-
eration, and at 120-GeV extraction to Numi for nutrino 
experiment and slow spill to fixed target test beam facil-
ity. The results of measurement at these three energies 
and their comparison to their corresponding calculations 
will be presented. 

 
Figure 1. Example of horizontal plane TBT data, ring-wide 
and for 3 consecutive turns, from 8-GeV measurement.  

INTRODUCTION 
The Fermilab Main Injector ring was originally built with 
three different types of quadrupole magnets, i.e. IQB of 
84 inches, IQC of 100 inches, and IQD of 116 inches. 
New type B wide aperture quadrupoles (WQB) were in-
stalled during shut-down of 2006 to replace existing IQB 
magnets at seven injection or extraction locations. Mag-
netic measurement indicated that they are appreciably 
different from IQB magnets. With all quadrupoles pow-
ered by either focusing or de-focusing bus the use of 
built-in trim coils for correction was considered neces-
sary. Lattice functions measurement would be used to 
evaluate overall impact of WQB magnet compensations 
and to ensure that there were no surprises. 

In addition to installing wide aperture quadrupoles the 
Main Injector BPM read-back system was also upgraded 
and was commissioned in the few months after beam op-
eration returned. The new system is more reliable and 
provides much better position resolution. It has a built-in 
2048 turns TBT data buffer. Figure 1 shows an example 

of data from horizontal plane 8-GeV measurement. 
Separate lattice measurements were carried out at 8, 

120, and 150 GeV of kinetic energies. Analysis results 
were compared with that of model calculations assuming 
perfect compensation for the new WQB quadrupoles. 

DATA 
There were originally 104 horizontal plane and 104 verti-
cal plane BPMs, at corresponding focusing and defocus-
ing locations. The installation of seven wide aperture 
dual-plane BPMs, at each wide aperture quadrupole, in-
creased the number to 106 and 109, i.e. two horizontal at 
defocusing locations and five vertical at focusing loca-
tions. Extraction kicker at MI52 was used to excite free 
betatron oscillation in horizontal plane. The proton injec-
tion kicker at MI10 was used to excite vertical oscillation, 
with limited strength at 120 and 150 GeV energy. 

 
Figure 2. RMS errors from 8-GeV horizontal TBT data. For 
each BPM the deviation between its reading and projected posi-
tion at each turn is sampled and RMS calculated over 400 turns. 

ANALYSIS 
TBT lattice analysis [1] has been reported before. There 
are two basic steps in the process. The first is to fit for 
position and angle at the BPM of interest using data from  
its neighboring BPMs, and produce one phase space point 
for every turn.  Phase space data points from a number of 
consecutive turns are then fitted to an ellipse, whose pa-
rameters are used to calculate lattice functions, β and α.  

Fitting for Phase space coordinates 
Shown in Figure 1 are ring-wide horizontal plane TBT 
data for three consecutive turns. Horizontal position at 
HP210 is the target of interest. In this example data from 
eight BPMs were used in fitting and plotted as green dots. 
Other BPM data are plotted as black dots to show contrast 
with projected positions. The fit produces a pair of x and 
x’ horizontal phase space coordinates for every turn. 

The projected positions for all BPMs are also shown as 
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circles in Figure 1. Given fitted result projections are cal-
culated based on design lattice. While good agreements 
between green dots and circles are expected they are not 
at all guaranteed with other data points, if design lattice 
and reality are substantially different. At each BPM such 
deviations were sampled, over some number of turns, and 
their RMS calculated. Plotting such RMS for all BPMs, as 
shown in Figure 2, is a quick way to find out if gross er-
rors in either data or analysis setup is present. 

 
Figure 3. Plot of horizontal phase space points at HP202 for 
100 consecutive turns, from 120-GeV TBT data. The measured 
lattice functions are shown at lower-right corner and the design 
lattice functions at the upper-right corner.  

 
Figure 4. Measured Main Injector 8-GeV beta function. Bottom 
plot is for horizontal plane and top plot vertical plane. Green 
circles are measured beta functions and magenta traces are the 
design values. Statistical beta errors are plotted as vertical lines, 
i.e. the barely visible short vertical lines inside the circles. 

 
Figure 5. Beta error of measured MI 8-GeV beta functions. 
Plotted are Δβ/β, i.e. deviation divided by design value. 

Fitting ellipse 
Figure 3 shows phase space points at HP202 for 100 con-
secutive turns. The elliptical path traced out by these data 
points are dictated by actual beta and alpha functions. The 
fitted ellipse is shown in blue trace. Its parameters are 
used to calculate measured beta and alpha functions, as 
listed at the lower-right corner. The design lattice func-
tions are also listed at the upper-right corner. The area 
encompassed by the ellipse, listed as emittance, is ob-
tained as part of the fitting algorithm. 

 
Figure 6. Beta error for MI 120-GeV beta function. While 
maximum horizontal error is down to 5%, maximum vertical 
errors are still at 10%. 

LATTICE RESULTS 

At 8-GeV injection porch 
The measured Main Injector 8-GeV beta functions are 
plotted in Figure 4, the horizontal plane at the bottom and 
the vertical plane on top. The design beta functions are 
also shown in magenta trace. Some differences between 
measurement and design are clearly visible. The devia-
tions can be seen more directly in Figure 5 where frac-
tional beta error Δβ/β are plotted. Maximum beta error is 
about 15% in horizontal plane and 10% in vertical plane. 

At 120-GeV flat-top 
The lattice measurement result at 120 GeV is shown in 
Figure 6, only for the deviations in Δβ/β. The agreement 
between measurement and design in the horizontal plane 
is excellent at 5% level, while the agreements in the verti-
cal plane remains about the same at 10% level. 

At 150-GeV flat-top 
This is the highest energy Main Injector was designed to 
operate at and, in some way, the machine is acting a bit 
different. The result of lattice analysis revealed that the 
beta error in the horizontal plane is substantially larger. 
Figure 7 shows the same beta error plot as before. How-
ever, the scale for the horizontal error, the bottom plot, 
has been expanded from ± 0.2 to ± 0.4. Maximum beta 
error in the horizontal plane is now 25%, while the verti-
cal plane is still at 10% level. A hint of horizontal prob-
lem can be seen in Figure 8. The bowtie shaped RMS 
plot, to be compared with Figure 2 of 8-GeV measure-
ment, says that the projected positions using design lattice 



are not very compatible with the real machine. The same 
conclusion can be made by looking at Figure 9, which 
shows that calculations are not matching data very well. 
Also shown in Figure 9 is the rms from fitting green data 
points for phase space coordinates. This number, shown at 
the top of each plot box, has gotten larger as compared 
with that from 8-GeV data shown in Figure 1. 

 
Figure 7. Beta error at 150 GeV. Maximum vertical error is 
below 10% and maximum horizontal error is over 25%, bottom 
plot with its vertical scale range doubled, to ±0.4 from ±0.2. 

 
Figure 8. Horizontal plane RMS error plot from MI 150 GeV 
measurement. Small RMS for data points in green is expected 
because they influence fitting process. Outside green zone the 
projected positions no longer match data and RMS jumped. 

WQB MAGNETS AND BETA ERRORS 
As mentioned at the beginning, part of the motivation to 
conduct the studies was to understand if systematic error 
from WQB magnets is present. This is not to say that 
there isn’t any beta function errors already in the machine.  

Remnant field due to hysteresis is the most likely error 
at 8-GeV energy. This is typically addressed by ramping 
magnet current sufficiently below operating current and 
come up to 8-GeV injection porch at an up-ramp. WQB 
magnets were measured and its hysteresis behavior com-
pensated with its trim coils to make it behave exactly like 
an IQB magnet. The beta wave pattern observed is not 
consistent with systematic error in WQBs. 

At 150 GeV, on the other hand, magnet saturation 
would be the primary issue. As has been demonstrated, 

the horizontal plane beta wave is quite real. Lattice meas-
urement from 2004, when there were no WQB magnets 
installed, also showed telltale sign of what is now clear 
picture of beta error. At that time data quality was much 
worse and was hard to take action on. With all likelihood 
the lattice problem is not associated with WQB magnets.  

 
Figure 9. Horizontal plane TBT data from 150 GeV meas-
urement. Agreements between projections and data are visibly 
poor. This is a complimentary view of what was shown in Fig-
ure 8.  

CONCLUSION 
The study results presented here indicate errors in Main 
Injector lattice function. However, evidence does not 
point to systematic error from the newly installed WQB 
magnets. The worst error is found in the horizontal plane 
at 150 GeV energy. The cause of this is still being inves-
tigated. The Main Injector dipole does saturate substan-
tially at this energy. Magnet data is been reviewed to pro-
vide further insight. A linear optics model has been used 
for calculations throughout and may well be inadequate. 

TBT lattice analysis has been shown to produce results 
that are reflective of the machine lattice over the years. 
Only recently the measured beta functions are used in 
TBT BPM gain calibration [2] with great success. This 
gives even more credence to the analysis technique. It is 
still possible that analysis is at fault at some level. More 
effort and studies will be needed to get to cause of error. 
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